We use density functional theory calculations to explore the effects of alloying cubic TiN and VN with transition metals M = Nb, Ta, Mo, W in 50% concentrations. The obtained ternaries are predicted to become supertough as they are shown to be harder and significantly more ductile compared to the reference binaries. The primary electronic mechanism of this supertoughening effect is shown in a comprehensive electronic structure analysis of these compounds to be the increased valence electron concentration intrinsic to these ternaries. Our investigations reveal the complex nature of chemical bonding in these compounds, which ultimately explains the observed selective response to stress. The findings presented in this paper thus offer a design route for the synthesis of supertough transition metal nitride alloys via valence electron concentration tuning.
Introduction
Transition metal nitride alloys are well known for their excellent properties such as high hardness and wear resistance, high melting temperature, and good chemical inertness [1] [2] [3] .
Among various technological applications, they are employed as protective coatings, in the cutting tool industry, to extend tools life and improve machining performances. To develop thin film nitride alloys with suitable mechanical and physical properties, material chemical composition can be tuned, and growth and processing parameters optimized, to control stoichiometry, microstructure, and texture. For protective coatings, high hardness is obviously a very sought after characteristic [4] [5] [6] [7] [8] , as it prevents the surface from being scratched and worn at extreme working pressures. Typically, hardness enhancement is achieved by hindering the dislocations mobility, and hence reducing the plastic deformations in a material [9, 10] . Nevertheless, hardness improvements are often accompanied by embrittlement, which beyond a certain load results in film cracking. To achieve tools durability at various operating conditions, it is therefore necessary to design hard coating materials with enhanced ductility.
Previous studies have shown that it is possible to attain relatively ductile, yet hard materials. For instance, in non-isostructural superlattices [11] , the alternating layers of ceramic B1-transition metal nitrides and more-ductile bcc metals, yield varying rates of plasticity while retaining hardness. Similarly, the nanocomposite structures developed by Voevodin and Zabinski [12] , are designed to be hard at stresses below the elastic strength limit, while at extreme loading, their mechanical behavior switches to ductile, thus preventing brittle failure. In transition metal nitride alloys, the common approach to tailor mechanical properties to applications requirements is to combine different metallic species and/or to vary their ratio. Although brittleness in these hard ceramics is an obvious issue, the few theoretical studies [13, 14] which prospected this problem were in fact confined to the analysis of the calculated elastic constants values and their trends. Clearly, more rigorous electronic structure investigations are required to understand the mechanisms leading to an appropriate/improved hardness-to-ductility ratio, or toughness, in materials.
Recently [15] , we reported on a supertoughening process in ordered B1 Ti 0.5 M 0.5 N, for M = Mo and W. In that study, we demonstrated that this effect stems from a pronounced layered electronic arrangement on the metal stacking, not observed in the binary (TiN), which allows for a selective response to strain, respectively shear deformations of the crystal. Such charge distribution is induced in the crystal by the substitution of Ti with Mo or W atoms, as the exceeding valence electrons in these elements enhance the occupation of d-t 2g metallic states.
These results imply the possibility to control ductility trends in materials by tuning the electron population in the d-t 2g metallic states, and broaden the research perspectives in the quest for new supertough B1 transition metal nitride alloys.
In the present paper we investigate the mechanical properties of cubic-B1 Ti 0.5 M 0.5 N and V 0.5 M 0.5 N (M = V, Nb, Ta, Mo, W) by means of ab-initio density functional theory (DFT) calculations to identify candidate materials for potentially hard coatings with enhanced ductility. Primarily, this choice is based on our previous results for TiMoN and TiWN alloys [15] , and the fact that the thin films containing combinations of these elements grown in the rocksalt structure have been reported to have comparable hardness to TiN and TiAlN [16] [17] [18] [19] [20] .
In the alloys proposed herein, the metallic elements are selected so as to span the valence electron concentration (VEC) per unit formula from a minimum of 9 (in the reference material TiN), up to a maximum of 10.5 (in V 0.5 Mo 0.5 N), as beyond this value further filling of the d-t 2g metallic states might lead to the instability of the cubic phase [21] . Our elastic constants estimations show that, with increasing VEC, Ti 0.5 M 0.5 N and V 0.5 M 0.5 N are progressively less resistive to shear deformations, while retaining stiffness and very low compressibility. The electronic structure and crystal orbital overlap population (COOP) [22] 4 calculations reported herein indicate that the increasing VEC is a key factor in ductility enhancement in the ternaries studied. In addition, we analyze the stress-strain relationship in these alloys and find that the increase in VEC activates the
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  1 1 0 slip system, and promotes dislocation motion. Furthermore, our hardness estimations obtained using theoretical methods [23, 24] , are in good agreement with indentation measurements and suggest that all these crystalline phases are excellent candidates for the synthesis of supertough B1 transition metal nitride alloys.
Computational details
The DFT calculations reported herein are performed with the Vienna ab-initio simulation package (VASP) [25] in the generalized gradient approximation of Perdew-Wang (GGA-PW91) [26] , and the electron-ion interactions are described by the projector augmented wave potentials (PAW) [27] . In all calculations we use a large energy cutoff of 500 eV for the plane-wave basis to achieve total energy convergence within 10 -5 eV.
Structure relaxations are carried out with 4x4x4 k-points grids, while density of states (DOS), charge density distribution, and COOP are computed with 8x8x8 k-points grids in the Monkhorst-Pack scheme [28] . The supercells employed in our investigations contain 64 atoms with a minimum number of intermetallic bonds (C#3 structure) [15] , closely matching the CuPt-type atomic ordering observed experimentally in Ti x W 1-x N films [29] and consistently found most stable energetically in our calculations. We compute for all alloys lattice constants a, bulk moduli B, elastic constants C 11 , C 12 and C 44 , Young moduli E, shear moduli G, Poisson's ratios , and theoretical hardness H. The ideal lattice constant and the bulk modulus are evaluated by fitting the total energy-volume curve to the Birch-Murnaghan equation of state [30] . More details about elastic constants and related moduli calculations can be found in our previous report [15] .
We assess the theoretical Knoop hardness H k of all compounds, by using the semiempirical method proposed by Šimůnek for covalent and ionic crystals [23] . For the structures employed in our calculations, in which nitrogen atoms (N) and metal atoms (M) are nearest neighbors, Šimůnek's formula becomes: 
where n (= 6) is the coordination number,
and e is the ratio of the valence electrons number to the atomic radius value taken from
Pearson's book [31] . Finally, the expression for 
Furthermore, we use a recently reported method designed to predict the Vickers hardness in transition metal carbides and nitrides [24] . This parameter free approach involves the estimation, in addition to bond length, density and ionicity, of the intrinsic metallicity in the 
where N e is the valence electron density defined as in the original paper [32] and d is the bond length. In the above formula, f i and f m , are the Phillips ionicity, respectively metallicity, of a chemical bond, and are used as correction factors to reflect the screening effects of ionic and metallic components on covalent bonds. The Phillips ionicity is defined as:
with P as the overlap population of the bond and P C the overlap population of a bond in a hypothetical pure covalent crystal with the same structure. Metallicity can be calculated as:
with D F as the electron density of states at the Fermi level and n e the number of valence electrons per unit cell. For multicomponent compound systems, the hardness can be predicted as the average of hardness of all hypothetical binary systems in the respective compound:
where
 is the hardness of the hypothetical binary containing -type bonds and n  the number of -type bonds in the complex compound.
We calculate the charge density of crystal structures in real space using 132x132x132 grid points. This technique, which entails mapping the difference between self-consistent charge densities and charge densities derived from the superposition of atomic Finally, to qualitatively assess the general trend in the response to deformations, we estimate the stress-strain relationship for a number of selected ternaries and compare it with the behavior of reference binaries. The stress-strain curves are obtained by relaxing all atomic positions and maintaining fixed supercell shapes, for each strain, in calculations using 8x8x8
k-points grids. Stress values in the direction of interest are then extracted from the stress tensor, directly from the VASP output. Several calculations with no constraints on shearing [33] , i.e. allowing for cell shape relaxations in all directions except in the direction of applied strain, were tested for TiN and Ti 0.5 W 0.5 N at several strain values. Given the small differences in stress values obtained with the two approaches, under a few percent, the former method, less computationally expensive, was chosen in this study. Table 1 presents the results of our calculations for the binaries and ternaries studied in this paper. As it can be seen, the properties estimated herein for the two reference binaries, TiN and VN, are in very good agreement with previous experimental [1, [34] [35] [36] [37] [38] and ab-initio [13, [39] [40] [41] [42] [43] results, shown in Table 2 . Not surprisingly, crystal properties data for Ti 0.5 M 0.5 N and V 0.5 M 0.5 N is sparse, and a direct comparison with our predictions is thus not possible.
Results and discussion
Nonetheless, our estimations for the lattice constants of Ti 0.5 M 0.5 N alloys match within 1%
the available experimental results [29, [44] [45] [46] [47] [48] , as shown in Table 3 . In addition to the solid agreement with previous data for TiN and VN, the results in Table 1 values. We also note that on average, the alloys exhibit 20% lower Young's modulus values compared to the reference binaries.
As a first aspect of this trend in mechanical properties, we discuss the hardness of Ti 0.5 M 0.5 N and V 0.5 M 0.5 N alloys. In experiments, the hardness of a thin film is measured from indentation tests, in which different factors affect the result, such as texture, average grain size, stoichiometry, and lattice mismatch between film and substrate materials. While the addition of a second transition metal has indeed often been connected to hardness enhancements in B1-TiMN [4] [5] [6] [7] , these findings may be due to film microstructure features Table 1 . Present work DFT estimations of elastic properties for binary and ternary nitrides. rather than to an inherent hardness of perfect crystalline materials. To assess films hardness directly from DFT calculations would require too large supercells for the available computational time. Ab-initio methods [32, 49] may however be used indirectly to estimate the hardness of ideal crystals, by assuming that in the absence of defects the indented volume size is uniquely related to the resistance of the inner chemical bonds, and using first principles calculations to obtain the necessary information on the respective bonds. This is the manner in which parameters are fitted to reproduce Knoop's hardness values of covalent and ionic crystals [23, 49] , and chemical bonds characterized to predict Vickers hardness for transition metal nitrides and carbides [24, 32] . Naturally, growth and processing conditions affect the actual film microstructure, which ultimately is significantly different to the defectfree crystals models. In spite of this aspect, and of the disputed merits and limits of theoretical approaches [50, 51] , the methods for ideal crystals can be used to relatively assess the potential hardness of Ti 0.5 M 0.5 N and V 0.5 M 0.5 N alloys, since the comparison with same type calculations for binaries and compounds well studied experimentally, yields at least a qualitative trend of the hardness of these ternaries.
In The other notable feature of the results in Table 1 , as already discussed, is the continuous decrease in G and C 44 values with increasing VEC in the ternaries obtained by alloying the reference binaries. This tendency obviously affects a number of properties in any material, among which the G/B ratio, the Cauchy pressure (C 12 -C 44 ) and the Poisson ration. In the present study the former two quantities are most significant, as it is well known that they are the main criteria for assessing ductility of materials. As in our previous report [15] , here we use the same Pugh [60] and Pettifor [61] criteria, to map the ductility trend of the ternaries studied. These results are shown in Fig. 1 , and it can easily be observed that almost without exception, alloying has the effect of significantly enhancing ductility in all cases studied. The only compounds which are not within the ductile region of the map are the Nb ternaries and Ti 0.5 V 0.5 N, yet one can clearly see that even in these situations ductility is enhanced compared (4) and overlap populations calculated in this work, as used for the COOP analysis. ** Values obtained using average formulation in equation (7) and overlap populations of hypothetical binaries published in original paper [24] . 
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Fig. 1. (Color online) Map of brittleness and ductility trends in compounds as estimated in this work.
to the reference binaries (Ti 0.5 Al 0.5 N is included here only as a brittleness reference point). In conjunction with the predicted hardness improvement discussed above, the demonstrated ductility enhancement for these ternaries confirms that the supertoughening effect reported for TiMoN and TiWN is operating in all ternaries analyzed herein. In addition, the data in To verify the above assertion, we investigate the electronic structure of these ternaries and compare it with that of compounds for which the toughness enhancement mechanism has been explained [15] . For practical and clarity reasons, the discussion in the present study [15] . As shown in that report, this layered electronic structure is the result of increased VEC in ternaries (one more valence electron per unit cell compared to reference binaries), which in turn increases the occupancy of d-t 2g metallic states, due to increased overlapping of these orbitals upon shearing. In order to further probe the VEC ductility enhancement effects in these ternaries, a deeper analysis of the relationship between strain and bonding in these materials is required.
We start by comparing the partial DOS of unstrained and strained Ti 0.5 W 0.5 N configurations to observe the d-states response to 5% and 10% trigonal deformations. As it can be seen in (actual values in Table 5 ). Once again, the similarity between Ti 0.5 W 0.5 N (Figs. 7a-7c ) and V 0.5 W 0.5 N (Figs. 7d-7f ) is obvious, with respect to the dependence of 1 st and 2 nd neighbor interactions on the applied strain.
These results also clarify the role played by the additional electron per unit cell in orbitals overlapping in the ternaries. For illustrative purposes, a schematic representation of orbitals interaction in unstrained and strained configurations, is given in Fig. 8 Fig. 9 (actual values in Table 5 ), in which the absolute values at Fermi levels obtained for 2 nd neighbor interactions are considerably lower than for the ternaries, shown in Fig. 7 . Nevertheless, bonding in these compounds is not entirely covalent, and so one needs to go beyond a COOP analysis in order to assess other significant changes induced by strain in the bonding of these materials. To achieve this task, we map the difference between the self- 10a with 11a, respectively 10d with 11d). This effect is visible in both ternaries but especially in V 0.5 W 0.5 N, where the well defined moon-like shapes in the charge difference map, in the vicinity of N atoms, clearly prove the existence of this charge transfer (Fig. 11d) . Thus, these results demonstrate that alloying affects the electronic structure of binaries, as it induces a charge migration process which yields in ternaries stronger ionic, implicitly shorter, N -Ti/V bonds, and weaker/longer W-N bonds.
It is then interesting to note the changes induced by shearing upon both sets of compounds. In binaries, one can clearly observe that as strain increases, charge is being of the applied strain. This result is consistent with the shearing induced formation of a layered electronic structure reported for Ti nitrides [15] , and fully supports our analysis of other ternaries considered in this study.
In addition to the arguments presented so far in this study, the following rational helps to further elucidate the mechanism through which ductility is promoted and enhanced in these level of shearing strain, this set of conditions will obviously favor the breakage of bonds between W-N atomic planes, allow these planes to slide against each other, and make the  110   1 1 0 slip system a primary channel for dislocations glide. Equally important, during dislocations glide, the strong covalent bonding within W-W slip planes will further delay bond snapping. These are the key mechanisms which promote and enhance ductility in these ternaries. This is not, however, the situation in TiN and VN, where, as it was shown, the Ti/V -N bonds are equally robust in all planes and resist any type of deformation, tetragonal or trigonal strains, thus explaining their hardness as well as their brittleness. These arguments are clearly supported by our analysis of the stress-strain relationship in TiN, VN and corresponding W-alloyed ternaries, as shown in Fig. 13 . As it can be seen, the binaries are 29 characterized by a definite linear-elastic response to shearing, while the ternaries exhibit a visibly more plastic stress-strain response to deformations. (Fig. 14b) is obvious for all ternaries considered in this study. A similar effect is somewhat active in binaries, as VN is shown to have more ductile properties compared to TiN, though clearly not as pronounced as in the case of ternaries. 
